A. soft-input, soft-output multiuser detection algorithm based on the Log-MAP algorithm is presented for asynclironous multiple access networks. The algorithm is applied to a convolutionally coded Direct Sequence Code Division Multiple Access (DS-CDMA) system. The proposed receiver architecture consists of a Log-MAP multiuser detector followed by a Log-MAP channel decoder. Information is fed back from the channel decoder to the multiuser detector, and processing proceeds in an iterative fashion analogous to the decoding of turbo codes. Simulation results show that the performance of a heavily loaded power controlled DS-CDMA system approaches the single-user bound for both Additive White Gaussian Noise (AWGN) and fullyinterleaved Ftayleigh flat-fading channels.
I. INTRODUCTION
The conventional receiver for Direct-Sequence Code Division Multiple Access (DS-CDMA) consists of a bank of matched filiers, each matched to a particular user's signature waveform. In such a receiver, multiuser interference (MUI) is considered to be noise and is not exploited by the receiver. Performance can be greatly improved by using multiuser detection (MUD), a method of jointly detecting all the users in the system. Multiuser detection algorithms treat MU1 as a form of time-varying intersymbol interference (ISI), which is equalized using a variety of techniques. The optimal multiuser detector for asynchronous DS-CDMA is analogous to the Maximum Likelihood Sequence Estimator (MLSE) for ISI, and is implemented using the Viterbi algorithm [l] . Under a wide range of conditions, multiuser detection allows uncoded asynchronous DS-CDMA systems to achieve performance comparable to that of the single-user system.
A major obstacle preventing the use of optimal multiuser detection in coded CDMA systems is the interface between 'This work has been supported by the Bradley Fellowship, the MPRG Industrial Affiliates Foundation, and the Office of Naval Research.
the MUD and the channel decoder. If the MUD is implemented with the Viterbi algorithm, then the output of the MUD consists of "hard" bit decisions. However, it is preferable to pass unquantized values, or "soft" bit decisions, into the channel decoder. The decoder for convolutional codes, which is also implemented with the Viterbi algorithm, suffers a 2.5 dB loss in coding gain when hard bit decisions are used as inputs instead of soft decisions [2] . In section 111, we present a soft-output MUD algorithm that greatly improves the interface between MUD and channel decoder.
Even if soft-output multiuser detection is used, system performance is not optima1 in the sense that the MUD cannot benefit from information derived by the channel decoder. In [3], the problem of joint multiuser detection and convolutional decoding is approached by defining a supertrellis over the cross product of the channel and encoder states, and then executing a single instance of the Viterbi algorithm over the entire supertrellis. While this offers performance close to the coded single-user bound, it has complexity 0 ( 2 K W ) (W is the constraint length of the convolutional code), does not lend itself to systems that incorporate interleaving, and cannot be easily mapped onto parallel processing architectures. An alternative approach is to partition the problem into two parts, multiuser detection and channel decoding. The MUD and channel decoder are each implemented with a soft-input, soft-output (SISO) algorithm and operate in an iterative feedback mode whereby the information derived by the channel decoder is fed back to the MUD. This approach is analogous to the method of decoding turbo codes [4] and has been applied to joint MUD and channel decoding for synchronous DS-CDMA in [5] and for asynchronous Time Division Multiple Access (TDMA) in [6] .
In this paper, a method of performing combined multiuser detection and channel decoding for asynchronous DS-CDMA systems is proposed. This method uses SISO multiuser detection and channel decoding implemented by the log-MAP algorithm of [7] and operates in an iterative feedback, or "turbo processing" mode. In section 11, the system model is presented. In section 111, the receiver architecture and 0-7803-4872-9/98/$10.00 0 1998 IEEE log-MAP MUD algorithm are proposed. The receiver architecture is similar to the system proposed in [5] . However, because we consider systems that are bit and chip asynchronous, the structure of the MUD is significantly different. The synchronous system of [5] allowed a one-shot approach to MUD, while the asynchronous system considered in this paper requires sequence detection. Simulation results for a heavily loaded convolutionally coded CDMA system are given in section IV for both Additive White Gaussian Noise (AWGN) and fully-interleaved Rayleigh flat-fading channels.
Finally conclusions are given in section V.
SYSTEM MODEL
Consider a CDMA network consisting of K asynchronous BPSK transmitters and a single receiver. At transmitter E {-l,l} is the ith coded and interleaved symbol of user k , Tk is the delay of user k at the receiver assumed to be uniformly distributed over one symbol period T , and @k is the carrier phase of user k at the receiver assumed to be uniformly distributed over the interval (0,2n). The signal U k ( t ) is the signature waveform for user k and is composed of N chips, where N is the processing gain of the CDMA system. For ease of exposition, it is assumed that the signature sequences repeat every symbol period. However, the algorithm presented in this paper can be easily extended to incorporate long codes (i.e. codes that do not repeat every symbol period). It is assumed that the indices of the K users are assigned such that the relative delays Tk are in ascending order, i.e. 71 < 7 2 < ... < r~. For AWGN channels, the power Pk[i] is constant for all i. For fully-interleaved Rayleigh flat-fading channels, each amplitude is an independent realization of a Rayleigh random variable. Fading is assumed to be slow, and thus the fading amplitude is constant for the entire symbol interval.
The received signal is passed through a bank of K matched ~ 214 filters with output
where Yk [i] denotes the matched filter output corresponding to the ith code symbol of user k, and %{-} denotes the real part. The vector y of matched filter outputs constitutes a set of sufficient statistics and is created in "round-robin" fashion
Similarly, a vector b is defined by
The fading amplitudes are also combined into a vector Finally, a ( K -1) by K matrix of signal cross correlations is defined by 
ITERATIVE MUD FOR ASYNCHRONOUS DS-CDMA
The proposed turbo processing architecture is shown in Figure 1. The matched filter outputs y are fed into a SJSO multiuser detector, which produces a vector @Q) of loglikelihood ratios (LLRS). The LLRs are then deinterleaved and distributed to a bank of K SISO channel decoders, which produces the vector A(q') containing the LLRs of the code bits. These LLRs are reinterleaved and sent back to the MUD to be used as a priori information for iteration 4 + 1.
The hard system output after the qth iteration is_the sign of the LL% f2(Q') of the data bits, and is denoted d(Q).
A . Multiuser Detection
The optimal multiuser detector for iteration q selects the vector of estimated transmitted bits according to [l] A(Y) I where (10) with Eb the average energy per data bit and bi = 0 for i)m can be recursively computed using the Viterbi algorithm, using the branch metric given by (10).
€3. Log-MAP MUD
Use of the standard Viterbi algorithm with metric given by (10) results in hard bit decisions, which are not suitable for turbo processing. Instead, soft outputs from the MUD in the form are desired. This LLR can be calculated using the Maximum A Posteriori (MAP) algorithm of [8] . Although the MAP algorithm offers optimal estimates of (12), it suffers from a high computational complexity and numerical instability. The log-MAP algorithm of [7] performs the MAP algorithm in the log domain and thus has reduced complexity and is more numerically stable. In addition, there are algorithms, one operating in a forward recursion the other working in a backward recursion. 
In the above, the operator max * is defined by the Jacobian logarithm S' max *(z, y) = In (ez + e") (15)
and by the recursion relationship max*(z,y,z) = max*(z,max*(y,z))
To compute (16) a correction factor is added to the maximum of the two arguments. Note that the correction factor depends only on the difference of the arguments, and is negligible except when z and y have similar values. The correction factor can be stored in a one-dimensional lookup table, and acceptable performance can be achieved with just eight table entries. If no correction factor is used, then the algorithm is the max-log-MAP algorithm [7] .
The factor y+l(s', s) in (14) is the branch metric that con- (20) beyond the scope of this paper. Due to its numerical stability and relatively low complexity, we only consider the log-MAP algorithm for the remainder of this paper. The log-MAP algorithm was origina.lly proposed to decode turbo codes, and therefore must be appropriately modified for use as a soft-output multiuser detector. We follow the treatment of the log-MAP algorithm in [9] , which describes the log-MAP algorithm as an instance of two generalized Viterbi Once the forward and backward recursions have been cornPleted, the LLR is found bY
where 5'1 is the set of all state transitions s' --+ s associated with bi = +1 and SO is the set of all s' --+ s asociated with bi = -1. The soft-output of the MUD is deinterleaved, and the resulting sequence !€'('J') is passed to the channel decoder.
C. Channel Decoding
The serial output, !€'(Q') = for 1 5 i 5 KL, of the deinterleaver is split into K parallel sequences {Xkp')], where !€'?'I = {@!f)l)K+k} for 1 5 i 5 L. The information for user k is fed into a soft-output channel decoder, which produces two output sequences. The first output is the log-likelihood ratio of the kth user's channel encoder outPut
The outputs of the K channel decoders are combined into a vector according to (23) This vector is fed back to the MUD and is used as a priori information during the (~+ l )~~ iteration of turbo processing.
The second output of the channel decoder for user k is the log-likelihood ratio of the channel encoder input, and is given bY Several soft-output algorithms can be used to implement the channel decoder. For the purposes of this study, we consider the use of the log-MAP algorithm to perform channel decoding.
IV. SIMULATION RESULTS
The performance of the proposed reception technique was simulated for a convolutionally coded DS-CDMA system.
The convolutional code chosen has rate R = 1/2, Constraint length W = 3, and octal generator (7, 5) . The CDMA system has processing gain N = 7 and the signature sequences were randomly assigned. The number of users of the CDMA system is K = 5. The frame size is 264 data bits, which includes two tail bits to terminate the trellis of the encoder. The block of L = 528 code bits is passed through a 24 by 22 block interleaver prior to transmission. A guard bit is added to the end of each user's frame to terminate the trellis of the MUD. It is assumed that the users are power controlled in the sense that the average power at the receiver is the same for all users. Both the MUD and the channel decoder are implemented with the log-MAP algorithm using a lookup table with eight entries for the correction factor. Both AWGN and fully-interleaved Rayleigh flat-fading channels were considered. For each case, enough trials were run to generate 100 frame errors.
The simulation results for the AWGN channel are shown in Figure 2 . The upper curve of this plot shows the performance of the conventional receiver for coded CDMA, which consists of a bank of matched filters followed by the standard Viterbi algorithm for channel decoding. The lower curve of the plot shows the performance of a convolutionally coded single-user system. The performance of the single-user system is limited solely by noise, since there are no interfering users. The three curves in the middle of the plot show the performance of the proposed turbo processing technique.
The curve for iteration one shows the performance when a Log-MAP multiuser detector is followed by a Log-MAP channel decoder. The curves for iteration two and three show the performance when the LLR's generated by the log-MAP channel decoder are fed back to the MUD as a priori information. Note that there is a significant gain achieved when one iteration of processing is used, and a moderate gain when a second iteration is performed. However, the gain of additional iterations beyond the second is negligible. For bit error rates between loF2 and loF4 performance after the second iteration is very close to the single user bound. However, as the bit error rate drops below the per- formance becomes interference limited and begins to move away from the single user bound. To improve performance in. this region, either a stronger convolutional code must be used or the number of users must be decreased.
The simulation results for the fully-interleaved Rayleigh flatfading channel are given in Figure 3 . The performance of the coded matched filter receiver reaches a floor of approximately lob2 due to multiuser interference and fading. The performance of the turbo receiver is considerably better, and after two iterations is within 0.5 dB of the single user bound for R.ayleigh fading and the same convolutional code. It is interesting to note that unlike for the AWGN case, performance remains close to the single user bound even as the bit error rate drops below loR4. This behavior can be accounted for by the fact that with flat-fading, the instantaneous received powers of the users are generally different. Unlike the AWGN case, where the received powers are the same for all users at all times, the Rayleigh fading case gives the multiuser detector one more signal parameter, instantaneous received power, that it can use to differentiate the users. This does not imply that the performance over flatfaa.ding channels will be better than over AWGN channels, only that the gain from using multiuser detection for fading channels is greater for fading channels than it is for AWGN channels with power control.
V. CONCLUSION
In this paper, a strategy for combining multiuser detection with channel decoding for asynchronous DS-CDMA systems was proposed. The method is based on the principle of turbo processing, whereby the problem of joint multiuser detection and channel decoding is separated into soft-intput, softoutput MUD and channel decoding processes that operate in an iterative feedback manner. Simulation results were shown for a heavily loaded CDMA system in AWGN and Rayleigh flat-fading. For both channels, performance after the second iteration was close to the single user bound. As the bit error rate fell below a floor was reached for the AWGN case, but this floor was not observed for the Rayleigh flat fading channel. The complexity of the proposed strategy is O (Q(2" + 2w) ), where W is the code constraint length, K the number of users, and Q the number of iterations. This is preferable to the complexity of the supertrellis-based method of [3] , which had complexity 0(2KW). While this work has allowed the complexity of the joint multiuser detection, channel decoding problem to be greatly reduced, future work should concentrate on reducing the complexity further.
